The Position-Based Dynamics (PBD) method considers the rope as a series of particles in rope simulation. This paper introduces the PBD method and simulates mooring line in ship mooring simulation training system with four constraints, which are distance constraint, bending constraint, Long Range Attachment (LRA) constraint and pin constraint. In this paper, the LRA constraint method is applied to solve the overstretch problem of mooring line simulation caused by distance constraint and bending constraint. A pin constraint which combines two particles into one is put forward to achieve the connection effect between cable and the eye splice as well as the interaction between anchor and chain. Moreover, the method of Continuous Collision Detection (CCD) constraint is proposed to realize the collision detection between mooring lines and other objects. Compared with Newton's method, our adopted method is more efficient and robustness. Since it has sufficient visual plausibility and can realize real-time visualization, the simulation system developed by PBD method has a good training effect for crew.
I. INTRODUCTION
Ship mooring (including anchoring, berthing and unberthing) is an important component of ship maneuvering. Due to crew's misoperation, accidents such as anchor loss, mooring line (including anchor chain and cable) damage, and winch burnout happens frequently. However, shipping companies generally do not have equipment to teach and train crews. Therefore, we use virtual reality technology to develop a ship mooring training system with immersion and interaction, and use this training system to teach and train crews.
Ship mooring manipulation simulation should achieve engineering demonstration and navigation safety assessment, and be competent for training and teaching proposed by International Convention on Standards of Training, Certification and Watch keeping for Seafarers (STCW). The researches on ship mooring system can be divided into three categories: (1) Accuracy and scientificity of the mooring system [1] . (2) Maneuverability under various conditions [2] .
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(3) Mooring line mechanics [3] - [5] , the methods used include catenary method [6] - [7] , lumped mass method (LMM) [8] , finite segment method (FSM) [9] , finite element method (FEM) [10] and finite difference method (FDM) [11] , etc. To improve the effect of training and teaching, the higher requirements are proposed for the three-dimensional visualization effect of ship mooring simulation.
To make the ship mooring process in training system closer to the actual situation, a more efficient simulation of the mooring line is required. The simulation of mooring line is essentially the simulation of flexible objects. Scholars have done a lot of research on the simulation of flexible ropes and put forward many methods, such as mass-spring model, Crossrat rods method, PBD method, etc. Compared with other simulation methods, PBD method directly calculates the positional change of each simulation step, which has high efficiency and is easy to implement and control. PBD method has already been widely used to simulate ropes, cloth, deformable solids and fluids [12] . In view of the characteristics of mooring line in ship mooring training system, an improved PBD method based on four constraints is proposed to simulate mooring line. The four constraints are distance constraint, bending constraint, LRA constraint and pin constraint.
The rest of this paper is organized as follows. After summarizing the related work in section 2, we describe the basic ideas and algorithms of PBD method in section 3 and the four constraints for mooring line simulation in section 4. Collision detection method is discussed in section 5, while the collision between the mooring line particles and other objects is demonstrated in 5.1, and the collision between mooring line particles in 5.2. In section 6, we show some practical effects of algorithm integration in the training system. Finally, the improved PBD algorithm is compared with Newton's method about computational efficiency in section 7, and then the paper is concluded in section 8.
II. RELATED WORK
Mooring line simulation is difficult to realize because of its flexibility and deformability. In recent years, simulation methods of flexible objects have been constantly developed and improved. Mass-spring model is the simplest method in rope simulation [13] . With simple physical characteristics and being easy to simulate, the mass-spring model has been widely used in rope simulation in computer graphics [14] - [16] . The only parameter of mass-spring model is stiffness factor of spring. For general rope simulation, the desired results can be obtained by adjusting the stiffness factor of spring. However, mass-spring model cannot handle the torsional effect of the rope naturally and the additional height spring will greatly increase the calculation cost. Therefore, mass-spring model is not suitable for large deformation rope such as mooring line.
Since Müller et al. [17] proposed the PBD method to simulate cloth and soft body in 2007, many scholars have made many improvements to the method. Umetani et al. [18] simulated elastic rods with bending and twisting deformations in PBD by representing the material frames implicitly with ghost particles. Müller et al. [19] presented a method to simulate the dynamic behavior of inextensible hair and fur, which ensures zero stretching in a single iteration of each visual frame, and allows the real-time simulation of thousands of hair strands. Kugelstadt et al. [20] proposed a novel operator splitting method for joint FEM simulation, and the method enables a very efficient simulation of complex scenes with more than a million elements. Deul et al. [21] , [22] put forward a method for simulating rigid bodies with orientation constraints in PBD. Kugelstadt et al. [23] used similar orientation constraints to simulate Cosserat rods within PBD, and the constraints are modeled by finite difference approximation of the strain measurement in cosserat theory. Rungjiratananon et al. [24] proposed a chain shape matching(CSM) model to simulate tearing, twisting and flashing of deformable objects. The model represented object as a particle chain and used shape matching algorithm to calculate geometric derivatives of the chain. Macklin et al. [25] introduced XPBD to accurately and efficiently simulate arbitrary elastic and dissipative energy potentials in an implicit way. Andrews et al. [26] focuses on the stable and efficient simulation of articulated rigid body systems in real-time applications. Müller et al. [27] proposed a new special type of distance constraint called cable joint, which dynamically changes both its attachment points and rest length.
Baraff et al. [28] and Volino et al. [29] proposed a discrete collision detection method, which was robust and could only be used for collisions testing at discrete time instants, but it might miss collisions when objects moved rapidly. Tang et al. [30] put forward CCD method to calculate the possible collision time when two primitives were coplanar. Brochu et al. [31] presented a root-parity-based CCD method and separated collision detection from collision time query to solve the problems of vertex-triangle and edgeedge collisions. Aiming at for the close contact problems of complex deformed objects such as multi-layer garments, Müller et al. [32] proposed a subdivision of the gap between objects before the simulation to solve the problems of collision detection and collision response.
Only a few scholars have studied visualization of mooring lines. Liu [33] established the force model of the cable on the basis of mass-spring model. Each particle is connected by a hexagonal prism to draw the cable. The visualization effect is general and the method cannot simulate the chain. Zhu et al. [34] achieved the visualization effects of mooring line by means of billboard technology, which is not a complete 3D visualization method.
III. POSITION-BASED DYNAMICS A. ALGORITHM OVERVIEW
In the PBD method, mooring lines are modeled as particles coupled by position constraints, which are iteratively solved in each time step. There are three steps for iteration calculation of mooring line in training system: 1) moving mooring line particles according to velocity and external force; 2) moving mooring lines to meet constraints; 3) perform time integration.
In the training system, the mooring line is represented by N particles and M constraints [17] . Each particle i ∈ [1, . . . , N ] has three properties: mass m i , position x i , and velocity v i . For each constraint j ∈ [1, . . . , M ] consists of five properties • a cardinalities n j , • a function C j : R 3n j → R, • a set of indices {i 1 , · · · , i n j }, i k ∈ {1, · · · , N }, • a stiffness parameter k j , k j ∈ {0 · · · 1} and • a type of either equality or inequality Constraint j with type equality is satisfied if
If its type is inequality then it is satisfied if
Based on the given data and time step t, the simulation process of mooring line is taken as Algorithm 1.
In (1)-(3), we specify positions and velocities of the mooring line particles, while in (5)-(6), we use symplectic Euler
for all vertices i do p i ← x i + tv i (7) for all vertices i do generate Collision Constraints (x i → p i ) (8) loop solver Iterations times (9) project
end loop (11) for all vertices i do
end for (15) update velocity (v 1 , · · · , v N ) (16) end loop integrals to calculate positions and velocities of the particles, and line (5) allows external forces to be connected. In the model, we use it to increase the gravity of the training system.
The velocities of mooring line particles become
where g is the gravitational acceleration. We can calculate the new positions p i by line (5) and use them as predicted positions. In line (7) , the non-permanent external constraints are calculated at the beginning of each time step, such as collision constraint, and CCD method is carried out with the application of original and predicted positions. In (8)-(10), we iteratively solve and modified the predicted position, which satisfy both the external M coll and the internal constraints M . We use the modified positions p i to update velocities and positions.
B. MODEL SOLVER
In order to satisfy all constraints of mooring line particles, the goal of the solver line (8)-(10) in Algorithm 1 is to modify the predicted position p i of mooring line particles to satisfy all constraints. In the Algorithm 1, there are M constraint equations and 3N unknown position components need to be solved. In line (13) , the PBD positional update can be implemented. We take position p as the concatenation [p T 1 , · · · , p T N ] T , take p and M + M coll constraints as input conditions for all constraint functions C j and finally get the equation to be solved as
In the PBD method, nonlinear Gauss-Seidel iteration method and Newton-Raphson iteration method are used to calculate the position of particles, and then compare with the two methods [35] . PBD linearizes each constraint function separately. By solving each constraint equation separately, each constraint generates a single scalar equation C(p) = 0 for all particle positions associated with it. Given p we want to find a correction p such that C(p + p) = 0. This equation can be approximated to
This results in a linear system with global correction position p
where ∇ p C j (p) is the 1 × N dimensional vector containing the derivatives of the function C j . Restricting p to be in the direction of ∇ p C to maintain linear and angular momentum directions to solve uncertainty problems. This means that only one scalar lagrangian multiplier λ is needed, such that
Substituting Eq. (3) into Eq. (2), the final formula for p of a single particle i is obtained by solving the formula of λ and substituting it back to Eq. (3).
where the scaling factor s =
is the same for all points. If the points have individual masses, we extend the Newton-Raphson process by weighting the corrections proportional to the inverse masses w i = 1/m i . After finding p, the current position is updated to p ← p + p. A new linear system is generated by evaluating ∇ p C j (p) and −C j (p) at new positions, and then the process is repeated.
IV. CONSTRAINT PROJECTION
By controlling the constraints, the positions of the mooring line particles are modified to meet the requirements of mooring manipulation simulation. The distance constraint and the bending constraint are applied to keep a certain distance between particles [36] . However, distance and bending constraints will cause excessive stretching problem of mooring line particles in the process of iteration, therefore, the LRA constraint [37] is adopted to solve the problem of excessive stretching. In ship mooring simulation, we need to attach mooring line particles to other objects, such as anchor or eye splice, therefore, we propose a pin constraint to combine two particles in to one.
A. DISTANCE CONSTRAINT
The distance between the mooring line particles will change after integration. The particles on the mooring line are kept at a certain distance d by directly moving the position of the mooring line particles. The error distance determines the moving direction of the particles, the direction of particle moving is shown in Fig. 1 . In the figure, p 1 , p 2 are the particle positions while p 1 , p 2 are the correction amounts of the particle. The distance constraint function
The derivative for the points are ∇ p 1 C(p 1 , p 2 ) = n and ∇ p 2 C(p 1 , p 2 ) = −n with n = p 1 −p 2 |p 1 −p 2 | . According to inverse mass w i = 1/m, weighted to get the final correction p i of the particles
These are the formulas proposed in [38] for the projection of distance constraints. They appear as a special case of the general constrained projection methods. Distance constraint is constrained by stretching constraint and compression constraint. Stretching constraint refers to the tension stiffness of the mooring line. In the system, the stretching constraint coefficient k stret ∈ (0, 1). The lower the k stret value, the greater the elasticity. The higher the k stret , the harder to stretch, as shown in Fig. 2 . The compression constraint refers to the compression resistance of the mooring line. The compression constraint coefficient k comp ∈ (0, 1), k comp = 1 indicates incompressibility of cable particles, k comp = 0 means no compression resistance at all, and the value between 0-1 indicates that the corresponding value will be allowed to be compressed to its static length, as shown in Fig. 3 .
B. BENDING CONSTRAINT
The bending constraint attempts to keep the line segment defined by the three particles completely straight and to limit the bending amount of a line segment defined by three particles, as shown in Fig. 4 . In the figure, (p1, p2, p3 ) are arbitrary three particles on the mooring line. n 1 , n 2 are the normal vectors of the line (p 1 , p 2 ) and (p 1 , p 3 ), respectively. The maximum bending amount allowed by bending constraint can be regarded as the maximum length allowed of dotted line in the figure. For the adjacent straight lines (p 1 , p 2 ) and (p 1 , p 3 ), p 1 will move along the dotted line to straighten the line segment of p 1 p 2 p 3 . Bending constraint function for each pair of adjacent lines is [39] C bend (p 1 , p 2 , p 3 ) = arccos(n 1 · n 2 ) − ϕ 0 (9) where, ϕ 0 is the initial angle between the two lines. We use the angle ϕ between the normal of two lines instead of the angle between two lines (p 1 , p 2 ) and (p 1 , p 3 ). The bending constraint between p 2 and p 3 is independent of distance constraint.
By n 1 = p 1 ×p 2 |p 1 ×p 2 | , n 2 = p 1 ×p 3 |p 1 ×p 3 | and d dx arccos(x) = − 1 √ 1−x 2 , we get the final correction p i of the particles
where, q is vertex position, while d is the distance between particles.
When the maximum bending amount is k BendMax = 0 and k BendMax = 1, the effect of particle accumulation is shown in Fig. 5 . k BendMax = 0 means that the particles remain as straight as possible and k BendMax = 1 means no bending constraint. When the maximum bending amount is relatively low, the simulation effect is more in line with the actual VOLUME 7, 2019 situation of mooring line. We can specify a mooring line with high bending resistance but low stretching stiffness to satisfy the actual situation.
C. LONG RANGE ATTACHMENT CONSTRAIN
In iterative calculation of stretching constraint, infinite iterations may be required to make the mooring lines converge. The Gauss-Seidel solver used in this paper has a significant disadvantage, that is, the constraints are handled one by one. Slow convergence speed makes the mooring line seem to be elastic in the simulation process.
LRA constraint [37] is applied to reduce the iterative calculation time and meet the simulation requirements. LRA constraint prevents excessive stretching of the mooring line at low iterations [40] . If one end of the mooring line is connected to the hawsehole, LRA constraint will control the distance from each particle on the mooring line to the hawsehole within the initial length. Hawsehole is a nautical term, referring to the hole that an anchor chain passes through. LRA constraint is described as follows. For each unconstrained particle i, the initial distance r i from the mooring line particle to the hawsehole is calculated in advance. If the particle is within the initial distance r i , we allow it to move freely. Otherwise, if the particle exceeds the initial distance r i , we project the particle onto a sphere with radius r i . LRA constraint ensures that the particles converge quickly and allow the tensile tension to be transferred from the hawsehole to all mooring line particles in an iterative step. Fig. 6 shows a schematic diagram of a mooring line fixed at one end with LRA constraint. Each particle is constrained to a sphere centered on the attachment point. The radius of sphere is the initial distance from particle to attachment point. For each configuration, the particles in the constraint spheres are allowed to move freely, and particles outside the constraint sphere need to be projected onto the sphere. Taking the simulation of anchor chain as an example, Fig. 7 shows the free-falling process of the anchor chain from the initial horizontal position. The motion process is similar to that of a pendulum. The position of the anchor chain is intercepted regularly, and anchor chain finally stops at the vertical ground state as shown in Fig. 7 (a) to Fig. 7(f) .
D. PIN CONSTRAINT
The mass of the mooring line particles is different from that of the connected objects. Pin constraint is proposed to attach related vertices to the positions of mooring line particles. The pin constraint will apply a damping force on the mooring line particle and connected objects to maintain their relative position without causing a change in the overall position [41] . The constraint resistance is applied to the mooring line to ensure that the vertices of the connected objects stay close to their attachment points. Inverse mass w i is set as zero to ensure that the vertex contained by other constraints remain stationary. The types of mooring lines and structures of cable and chain are different when a ship is anchored or berthed. Therefore, we introduce two types of mooring lines in pin constraint and set inverse mass w i of anchor head or eye splice to zero. Fig. 8 shows the effect of the cable connecting the eye splice, and Fig. 9 shows the effect of the chain ring connecting the anchor by the pin constraint. 
E. COLLISION DETECTION AND RESPONSE
Collision detection and response are essential in the training systems. The collision problem between mooring line and objects in the training system can be solved by projecting the point to the effective position. The penetration problem of mooring line particles caused by the rapid movement of mooring line can be solved with CCD method. In line (7) of Algorithm 1, additional collision constraints M coll are generated in each time step of the iterative calculation, and the number of collision constraints M coll is determined by the number of collision vertices. In the ship mooring training system, we calculate the ray x i → p i , surface point q s closest to p i and surface normal n s of each vertex, and add the constraint function C(p) = (p − q c ) · n c to the list of constraints. The velocity of each vertex produces a collision constraint, which is perpendicular to the normal direction of the collision and is reflected in the normal direction of the collision. In the training system, the collisions of particles can be divided into two types: collision with rigid bodies and selfcollision.
1) COLLISION WITH RIGID BODIES
Collisions between particles and kinematic objects such as deck, seabed and so on can be achieved by detecting the contact surface of each particle and calculating the normal n of the contact surface. We introduce non-penetration constraint into the training system
where, d rest is the distance that mooring line particles maintain when they are stationary. In order to improve the reality of the training system, some physical properties of the mooring line particles are considered in the PBD method to simulate the mooring line. The material of the anchor chain and the cable in the mooring line are as shown in Table 1 . By adjusting these parameters, the collision detection and breaking treatment of the mooring line are realized to meet the visual rationality of the simulation system. In Table 1 , the particle diameter is used as the basis for calculating the relative distance between particle and rigid body; the number of cable particles required in the simulation system is determined by the total length of mooring line; weight per length is used to determine the number of iteration for related constraint; breaking force can be used as breaking condition of the mooring line.
The collision effect considering the material of the mooring line is shown as Fig. 10 . Arrow 1 indicates the velocity of the mooring line particle. The velocity is divided into two components: one along the normal to the contact surface and the other along the tangent to the contact surface. Arrow 2 indicates the friction force applied to the particles, which eliminates a certain proportion of the tangential velocity. Arrow 3 indicates the force exerted by the contact surface on the mooring line particles, counteracting the normal velocity of the particles. Arrow 4 indicates the viscous force.
When calculating collision constraint between mooring lines and rigid bodies, the thickness of the mooring line particles should be taken as the diameter of mooring lines. The constraint function is
where, h is the thickness of the cable, n is the normal of the triangle, q is a mooring line particle. As shown in Fig. 11 , q is above the triangle p 1 , p 2 , p 3 with thickness h. Different thickness values will produce different spaces between the mooring line particles and the contact surfaces. Collision detection between mooring line and rigid body is achieved by adjusting the thickness of the particles. When the relative distance is positive, the particles are separated from the rigid body. When the relative distance is 0, the particles are in contact with the rigid body. When the relative distance is negative, the particles are insert rigid body, and the smaller relative distance, the deeper interior of the rigid body. Under normal conditions, the relative distance is positive. In some cases, the mooring line particles will enter the interior of the rigid body. For example, when the chain lies on the seabed, it will enter the seabed sediments. In this case, it is necessary to set the relative distance to zero or negative. Fig. 12 shows the collision effects of particles in contact with cubes. The relative distances from left to right are 0.08, 0, −0.05.
2) SELF COLLISION
A collision detection algorithm between particles is proposed to prevent particles from penetrating each other. The collision between particles can be processed by linearizing the particles and introducing a contact plane, which is similar to collision with rigid body. To maintain the nonlinearity of collision constraints, the collision constraints between particles are as follows [42] where, r i and r j are the radii of the mooring line particles. Fig. 13 shows the effect of collision detection with or without consideration of the same number of particles. In the process of mooring line simulation, collision detection between particles should be considered to prevent particle penetration, as shown in Fig. 13(a) . However, when the mooring lines are not accumulated, the collision between particles may not be calculated in order to reduce the performance consumption. The effect of without self-collision between the mooring line particles is shown in Fig. 13(b) . The effect of collision detection is closely related to the number of particles, therefore, we solve the tightness of mooring lines by adjusting the number of particles. When the relative number of particles is 1, the distance between particles is equal to the ''thickness'' of particles, and the particles are overlap, see in Fig. 14 (a) ; When there is a value of 0.5, the particles are just in contact with each other, as can be seen in Fig. 14 (b) ; the lower the relative value, the greater the distance between particles, as shown in Fig. 14 (c) .
V. MOORING LINE SIMULATION
Real-time ship mooring simulation with 20 million surfaces is realized by PBD method. All of the test programs described are running on Windows 10. Unity3d and Visual Studio 2015 are adopted by Program development software. The hardware environment is Intel(R) Core i7 CPU, GT 730 graphics card. The relevant parameters are set as follows: constraint coefficients used in the training system are k stret = 1, k comp = 1, maximum bending amount of bending constraint is k bend = 0.02; the stiffness parameter for the distance constraint, bending constraint, LRA constraint, pin constraint are 1, 0.02, 1, 1, relatively; and the number of iterations for the four constraints are 10, 8, 3, 5. Given time step of mooring simulation training system is 0.02s, and the training system runs at approximately 60 fps, which is sufficient to meet the real-time requirements of the training system. Fig. 15 shows the visualization effect of ship mooring maneuvering. In the figure, (a, b, c) are the effects of anchor chain moving with drum from inside perspective of the ship. (d, e, f, g, h, i) are the effects of anchor chain from the outside perspective of the ship. (a, b, c) respectively indicate that the anchor chain is fully retracted into the chain locker, part of the anchor chain is thrown out and all of the anchor chain is thrown out; (d, e, f) indicate the states of the anchor chain inside or outside the hawse pipe; (g, h, i) show the final effect of ship mooring maneuvering based on ship motion. Fig. 16 shows the visualization effect of the ship berthing and unberthing. In the figure, (a, b) are the cables on the indicate that the cable is docked to the dock and hung on the pier bollard, the density of cable and seawater are taken into consideration to achieve a more realistic simulation effect in the training system; (i) is the final effect after the cable is tightened and the mouse guard is hung. Continuous collision detection algorithm is applied to prevent penetration between the cable and other objects in the mooring simulation process. Unberthing process is opposite to the berthing process.
VI. DISCUSSION
We use 2000 particles to compare the PBD method with the Newton iteration method, and the segment length is set to 0.2m and the gravitational acceleration is set to 9.8m/s 2 . Newton's method is known for its excellent convergence properties. When the iterations are sufficiently close to the optimum, Newton's method exhibits quadratic convergence which out performs method. Newton's method uses a line search scheme and diagonal hessian correction in the case of indefinite matrices [43] . Moreover, some safeguards need to be integrated in the optimization as the Hessian matrix may become indefinite, and a line search procedure is also needed to avoid overshooting.
In real-time simulation, a constant time step h is selected according to the target framerate. The contrast results of relative error and the number of iteration between Newton's method and improved PBD method is shown in Fig. 17(a) . We find that improved PBD method converges very fast at low iteration times, but the rate of convergence to the exact solution will slow down with the increasing of iteration times. The Newton method always converges faster. However, this does not reflect the cost of each iteration, because each iteration of Newton's requires solving a varying linear system. The contrast results of relative error and calculation time calculated by Newton's method and improved PBD method are shown in Fig. 17(b) . We find that the relative error of improved PBD method is smaller than that of Newton's method when the number of iterations is less than 100.
It can be seen from Fig. 17 that the relative error of improved PBD method is 9.02 × 10 −3 and the time consumption is 28ms, while the relative error of Newton method is 4.5 × 10 −2 , and the time consumption is 422ms in 5 iterations. The improved PBD method can better satisfy the requirements of the simulation training system at a lower number of iterations and exhibits better stability performance, and it has more advantages in real-time simulation.
VII. CONCLUSION
This paper proposes an improved PBD method to simulate the flexible mooring lines in ship maneuvering training system. Based on the PBD framework, four specific simulated mooring line constraints are proposed to achieve different attitudes of mooring lines during mooring. In the calculation of collision detection in the scene, CCD method considering friction and viscosity is adopted to realize the collision detection in the ship mooring training system. Collision detection includes mooring lines collision with other objects and mooring lines themselves. The improved PBD method is more efficient than Newton's method, and PBD method has sufficient visual plausibility. The operation process of the mooring line simulation training system conforms to the actual situation and can be repeated, which greatly saves costs and reduces risks. The PBD method provides a new idea for the development of three-dimensional ship mooring simulation training system. 
